A microwave (MW)-activated peroxydisulfate (PDS) process was applied to remove recalcitrant organics in concentrated leachate. In this study, the optimum activation conditions were studied using the absorbance at 254 nm (UV 254 ) and color number removal efficiencies and by comparison of the different processes. The inner oxidation mechanism was investigated by ultraviolet-visible (UV-vis) spectrophotometry and threedimensional (3D) excitation-emission matrix (EEM) tests. The results show that oxidation effects followed the order MW/PDS > MW/H 2 O 2 > heat/PDS. The efficiencies of chemical oxygen demand (COD) removal, UV 254 , and color number were 45.50%, 48.95%, and 88.35%, respectively. The biodegradability was enhanced to 0.23 under optimum conditions (initial pH of 3, MW irradiation power of 450 W, PDS dosage of 3.5 g L À1 , and reaction time of 10 min). The UV-vis spectra suggest that the humification degree and aromaticity of organics in the concentrated leachate greatly declined in the MW/PDS process. 3D EEM spectra indicate that the molecular weight of organic substances in the concentrated leachate decreased markedly and that the constitution of the organics became simpler after the MW/ PDS process. In a word, the MW/PDS process is a promising method for concentrated leachate treatment.
Introduction
Large quantities of leachates are produced by decomposition of municipal solid waste (MSW) in landlls by factors such as rainfall and runoff. Leachates have complex composition and are typically heavily contaminated, very hazardous, and difficult to treat.
1,2 Many organic pollutants in leachate are included in USEPA's list of priority pollutants. Leachate that is treated improperly can lead to heavy pollution of the surrounding water and soil. Reverse osmosis (RO) and nanoltration (NF), a method combining a biological process and membrane technology, is capable of removing almost all of the organic pollutants in leachates, but it has the main drawback of producing concentrated leachate at proportions of 0.5-30%.
3,4
Concentrated leachate contains a high concentration of recalcitrant macromolecular organics, hazardous organics, and residual metal ions; 5 in addition, its high concentration of salt would be intercepted by the membrane. Hence, efficient treatment using a biological process is difficult to achieve.
At present, common treatment technologies for concentrated leachate include recirculation, concentration, coagulation, and advanced oxidation processes (AOPs). The cost of recirculation is low, and this method can accelerate the stabilization of MSW, but it is not capable of effectively degrading recalcitrant organics and removing salts. 6, 7 Additionally, leachate treatment is inuenced by the production effluent and the quality of RO and NF technology. 8 Membrane technology can effectively decrease the COD, BOD 5 , and total nitrogen content;
9-11 however, it is constrained by the limited service life of RO and NF membranes and by the increasing treatment expense due to membrane pollution by extremely high concentrations of humic acid and fulvic acid. 12 Coagulation is widely applied to the pretreatment of concentrated leachate because of its convenient operation and its low cost; however, it is not very effective in removing organics in concentrated leachate. 13 AOPs play an important role in water treatment, [14] [15] [16] [17] utilizing produced radicals with strong oxidizing ability, ($OH and SO 4 c À ), thus effectively degrading organics in concentrated leachate. 18, 19 Although AOPs have many advantages such as high reaction rate and high treatment efficiency, the high cost of their processing has mainly constrained their application. Fenton and ozone method are the most common AOPs. The conventional Fenton method is limited by its low reaction rate, strict pH condition, low utilization of H 2 O 2 , and production of iron sludge. 20, 21 The ozone method is limited by the high production cost of ozone and its low utilization. Moreover, the treatment efficiency of single AOPs is quite limited. Persulfate (as peroxymonosulfate or peroxydisulfate, PDS) is well known for its stable capacity and high water solubility. It has attracted much attention as a Fenton-like reagent in wastewater treatment since the publication of studies of Anipsitakis and Dionysiou. 22, 23 Persulfate has low oxidizing capacity (E 0 ¼ 2.01 V), but aer activation by factors such as such as heat, ultraviolet radiation, ultrasound, microwave (MW) (eqn (1)), and transition metals (eqn (2)), [23] [24] [25] [26] [27] it can generate sulfate radical (SO 4 c À ). This radical has a high oxidation potential, i.e., 2.6 V, which is close to that of hydroxyl radical (E 0 ¼ 2.8 V, halflife < 1 s). It also has a long half-life, i.e., 4 s, 28, 29 which enables it to oxidize recalcitrant organics at high efficiency. Many activation methods use much energy, thus increasing the treatment cost, and transition-metal activation leads to secondary pollution due to metal corrosion and metal recycling. 30 Thus, an economic and efficient activation method for persulfate activation is urgently needed.
MW is an electromagnetic wave with a frequency of 300 MHz to 300 GHz and has both thermal and non-thermal effects. In contrast to conventional heating, MW heating can cause dipolar molecules to rotate and collide and thus raise them to an excited state, which increases the collision possibility and reduces the reaction time. 31 Because of the thermal and nonthermal effects of MW irradiation, persulfate can produce sulfate radical, which can effectively degrade acid orange 7, 32 reactive yellow 145, 33 sulfamethoxazole, 34 and pentachlorophenol 35 in aqueous solution. In particular, MW can substantially increase the reaction rate as compared with conventional heating. 36 Kim 37 systematically studied the decomposition of landll leachate by persulfate under MW assistance and proved that this process is capable of removing organics from landll leachate. However, few works have investigated the application of the MW/PDS process as a pretreatment for concentrated leachate. Few also have compared the oxidation efficiencies and degradation mechanisms of the heat/PDS, MW/H 2 O 2 , and MW/ PDS processes.
In the present study, we aimed (1) to study the effects of persulfate dosage, MW irradiation power, and initial pH in the process on the degradation efficiency of recalcitrant organics; (2) to compare different processes for concentrated leachate treatment; and (3) to investigate the oxidation mechanism in each process and compare them using ultraviolet-visible (UVvis) spectra and three-dimensional excitation-emission matrix (3D EEM) spectra. 
Materials and methods

Concentrated leachate samples
Experimental procedure
First, 100 mL of concentrated leachate (pH adjusted using NaOH and H 2 SO 2 ) was transferred to a 250 mL round-bottom ask. A preset dosage of PDS was then added, and the ask was placed in the MW initiator. Aer a preset reaction time, the MW oven was switched off, and the ask was cooled in ice water. Aer the sample was cooled, it was ltered through 0.45 mm glass ber lters and then water testing was conducted.
Analytical methods
The COD of samples was determined by MW rapid digestion titration method, in accordance with the Water QualityDetermination of the Chemical Oxygen Demand-Dichromate Method (HJ 828-2017). 38 BOD 5 was determined by following the Water Quality-Determination of Biochemical Oxygen Demand aer 5 Days (BOD 5 ) for Dilution and Seeding Method (HJ 505-2009). 38 The absorbance of the sample at 254 nm (UV 254 ) was analyzed to ascertain the amount of humic acid. The color number was evaluated from that the absorbances of sample at 436, 525, and 620 nm (A 436 , A 525 , and A 620 respectively; eqn (3)) in order to determine the content of humic substance in the concentrated leachate. The COD removal efficiency was calculated using eqn (4): 
COD removal ð%Þ ¼
where COD i and COD t are the COD (mg L À1 ) of the concentrated samples before and aer each process. UV-vis spectrometry using 1 cm quartz cells was applied to record the absorbances of samples from 220 to 800 nm and to reveal the degradation extent of organics in the concentrated leachate. The sample was ltered through a 0.45 mm glass ber lter aer elimination of residual hydrogen peroxide and then diluted with ultrapure water obtained by secondary reverse osmosis. A Perkin-Elmer Lambda 950 UV-vis spectrometer (USA) was used. The test wavenumber range was 220-600 nm, and the scan interval was 1 nm.
3D EEM spectra were used to characterize the aromatic dissolved organic matter (DOM) in concentrated leachate. Synchronized adsorption was observed using 3D uorescence spectra obtained with a Horiba Scientic Aqualog-UV-800-C (USA). The excitation wavelength slit width was 5 nm, the scan speed was 500 nm min À1 , the excitation wavelength was 239-550 nm, and the emission wavelength was 230-650 nm. 3D EEM spectra were obtained using a CCD detector. Ultrapure water was used to obtain the blank value, and Rayleigh scattering and Raman scattering were eliminated by using a Horiba Scientic soware kit. Spectra were constructed and the isoheight was set using Origin 9.0 soware.
Results and discussion
Effects of PDS dosage on the efficiency of concentrated leachate degradation
On the basis of the MW activation process, the effects of PDS dosage on degradation efficiency of concentrated leachate were investigated using the UV 254 and color number. Fig. 1 shows the degradation efficiencies of concentrated leachate.
As shown in Fig. 1 Further increase in PDS dosage to 3.50 and 5.50 g L À1 apparently did not increase the removal efficiencies. We can see that a PDS dosage of 3.50 g L À1 was optimal, considering the economical aspect; the removal rate rst increased, and nally tended to decrease more slowly under this condition. In the early stage of reaction, MW can pyrolyze organics and destroy their chemical bonds; 31 meanwhile, PDS can undergo activation, producing sulfate radical, which oxidizes organics in wastewater. In the later stage of reaction, the concentration of organics decreased, thus stopping reaction despite the increase in sulfate radical concentration. On the other hand, the excessive PDS can quench sulfate radical (eqn (5)). A similar process was reported by Hori.
39 Sulfate radical is also a scavenger for itself (eqn (6)), resulting in consumption of a large amount of oxidized matter and the weakening effect of sulfate radical due its decreasing quantity. However, the removal efficiency was relatively stable because of the compensation of thermal and non-thermal effects of MW with the decrease in radicals concentration. 
Effects of pH on the degradation of concentrated leachate
The species and quantity of radicals are related to the pH. Sulfate radical is dominant under acidic conditions, and hydroxyl radical is dominant under neutral and alkaline conditions (Liang, 2009). Hence, the effects of pH (2, 3, 4, 6, and 10) on the degradation efficiency in the process were studied (results are shown in Fig. 2 ). Different pH levels had large impacts on the removal of organics, as shown in Fig. 2 . Clearly, acidic conditions enhanced the removal. At a reaction time of 16 min, the UV 254 and color number increased from 18.96% and 42.06% to 44.41% and 98.31%, respectively, when the pH decreased from 10 to 2. This result can be explained as follows. First, persulfate has a certain oxidation capacity (E 0 ¼ 2.01 V) that can lead to production of sulfate radical (E 0 ¼ 2.60 V) by MW activation (eqn (1)). Second, these reactions can take place under acidic conditions (eqn (7) and (8)), increasing the production of sulfate radical and thus enhancing the UV 254 and color number. Third, sulfate radical can react with OH À to form hydroxyl radical under alkaline conditions (eqn (9)). However, sulfate radical (half-life ¼ 4 s) has stability better than that of hydroxyl radical (half-life of <1 s; Nosaka, 2002) , and it has the same oxidation capacity as hydroxyl radical under acidic conditions. 23 Thus, the generation of hydroxyl radical under alkaline conditions reduced the amount of sulfate radical to a certain degree, and low pH showed a positive effect on UV 254 and color number. Moreover, when the pH decreased from 10 (alkaline condition) to 6 (acid condition) and the reaction time reached 16 min, the UV 254 and color number were remarkably enhanced. The UV 254 did not change as much as that of color number; this may because radicals in the process rst react with chromophores, decompose them into micromolecular organics, and then continuously react with radicals.
Effects of MW irradiation power on the degradation of concentrated leachate
Sulfate radical can be produced from PDS by MW activation. The production of sulfate radical is vital to the degradation of organics in concentrated leachate. The effects of different MW irradiation powers (100, 300, 450, and 800 W) on UV 254 and color number are shown in Fig. 3 . As illustrated in Fig. 3 , the removal efficiency increased with the MW power. At a reaction time of 16 min, UV 254 and color number increased from 19.45% and 51.56% to 54.94% and 96.89%, respectively, when the MW irradiation power increased from 100 to 800 W. The temperature of the sample rose faster with rising MW irradiation power, and the quantity of sulfate radical increased because of the thermal effect of MW irradiation. On the other hand, an increase in MW irradiation power enhanced the reactivity of dipolar molecules, which absorbed the MW irradiation, and the probability of collision between molecules, thus increasing the reaction rate. Meanwhile, the non-thermal effect of MW irradiation can decrease the reaction activation energy, further shortening the reaction time. Removal efficiencies at 450 and 800 W were similar, implying that MW irradiation power reached optimum condition. In addition, the removal efficiency before 10 min was much higher than that aer 10 min. This can be explained by the increased production of sulfate radical and oxidation rate due to the gradual rise of process temperature and the increase in the amount of sulfate radical. 33 Before 10 min, a large amount of sulfate radical could oxidize most organics effectively; aer 10 min, most organics were degraded, and changes in the removal efficiency were not obvious. On the basis of the above observations, the optimum conditions were an MW irradiation of 450 W and a reaction time of 10 min.
Comparison of different processes and analysis of biodegradability
The characteristics of different processes on the degradation of organics at a temperature of 85 C, MW irradiation power of 450 W, PDS dosage of 3.5 g L À1 , and H 2 O 2 dosage of 0.24 g L
À1
are shown in Fig. 4 . As shown in Fig. 4 , the removal efficiency of the MW/PDS process was much higher than those of the other processes. The removal efficiencies of conventional heat and single MW processes were 1.75% and 2.99% (COD), 2.59% and 4.05% (UV 254 ), and 18.41% and 21.23% (color number), respectively; in addition, biodegradability in both processes was extremely low (heat, 0.01 and MW, 0.02). In the absence of oxidizing reagents, COD removal efficiencies, UV 254 , and color number were low; however, the MW process results were better than those of the heat process. Heat alone can volatilize some of the organics with low boiling point, resulting in low removal efficiency. On the other hand, the thermal and non-thermal effects of MW irradiation can destroy unstable chemical bonds with increasing process temperature, thus giving good results. However, conventional heat and single MW processes did not have an obvious effect on the organic composition of wastewater on a macroscopic level.
In the PDS, heat/PDS, and MW/PDS processes, the removal efficiencies were 8.37%, 27.46%, and 45.50% (COD); 10.37%, 34.36%, and 48.95% (UV 254 ); and 38.73%, 47.39%, and 86.35% (color number), respectively. Additionally, the biodegradability of the samples aer the processes were 0.08 (PDS), 0.18 (heat/ PDS), and 0.23 (MW/PDS), indicating that the MW/PDS process can effectively degrade recalcitrant organics in wastewater and enhance the biodegradability remarkably. In the presence of an oxidizing reagent (PDS, E 0 ¼ 2.01 V), the PDS process had better removal efficiencies than those of conventional heat and MW processes. Both the heat/PDS and MW/PDS process produced sulfate radical (E 0 ¼ 2.6 V) and gave good results, but the MW/PDS process had better removal efficiency. MW activated the PDS process, which produced sulfate radical. On the other hand, MW irradiation is more effective than heat because MW irradiation can cause dipolar molecules to rotate and vibrate intensely, increasing the probability of contact between organic molecules and oxidation reagents. To sum up, the MW/PDS process can produce radicals, resulting in high efficiency of removal of organics in wastewater. In the MW/H 2 O 2 and MW/PDS processes, the removal efficiencies were 41.12% and 45.50% (COD), 41.00% and 48.95% (UV 254 ), and 73.49% and 88.35% (color number), respectively. Both processes could effectively decrease the COD of wastewater and enhance the biodegradability to 0.21 (MW/H 2 O 2 ) and 0.23 (MW/PDS). Overall, the MW/PDS process had better results. MW activated H 2 O 2 , producing hydroxyl radical (E 0 ¼ 2.8 V), which can effectively oxidize organics in wastewater and enhance biodegradability. But extension of the reaction time caused mineralization of organics and a decrease in pH in the process, resulting in reduction of H 2 O 2 to H 2 O and decreasing the production of hydroxyl radical. On the other hand, PDS can produce a large amount of sulfate radical by MW activation with increasing temperature and declining pH (eqn (7) and (8)), as reported in studies of Qi. 34, 41 Thus, the MW/PDS process can remarkably enhance the wastewater treatment efficiency.
UV-vis spectra analysis of the different processes
The absorbance in the UV-vis spectra was related to the species and concentration of the organics in wastewater. In the ultraviolet region (200-380 nm), the absorbance was related to the complexity and amount of aromatic compounds in wastewater. To analyze the degradation characteristics in the different processes, the variation of dissolved organic matter was investigated. The UV-vis spectra from the different processes and the specic absorbance values are shown in Fig. 5 . As demonstrated in Fig. 5 , the absorbance was related to the concentration of organics; however, the absorbance decreased to different extents aer each process. It is worth noting that the absorbances for the heat, MW, and PDS processes were higher than those of raw concentrated leachate. This result can be explained by the absence of oxidants in the heat and MW processes; both have thermal effects and water may evaporate as the reaction time increases, resulting in an increment of the concentration of organics. The complexity of the PDS process might increase because of the addition of oxidants; however, the oxidation effect was not good because there was no activation. Hence, the incomplete oxidation might result in the production of many relatively small molecules and aromatic substances. Overall, the absorbances follow the trend heat > MW > PDS > raw concentrated leachate. However, a signicant decrease occurred in the heat/PDS, MW/H 2 O 2 , and MW/PDS processes, especially, in the MW/PDS process, suggesting that the three processes can destroy the molecular structure of organics and decrease the aromaticity and complexity of wastewater.
Both E 254 and E 280 (absorbance at 254 and 280 nm, respectively) represent the aromaticity of organics in concentrated leachate. 2, 42, 43 In addition, a signicant peak at 220-250 nm indicates that the organics in concentrated leachate contain conjugated and unsaturated bonds. 44 A visible absorbance peak in the 250-290 nm range shows that concentrated leachate contained aromatic heterocyclic rings.
2 Moreover, the absorbance at 290-350 nm shows that the DOM had carbonyl groups, conjugated groups, or both.
45
E 254 and E 280 in the MW/PDS process sharply decreased from 0.79 and 0.51 to 0.08 and 0.04, respectively, revealing that the aromaticity of organics in the concentrated leachate declined substantially. In addition, each absorption value in the different processes (heat/PDS, MW/H 2 O 2 , and MW/PDS processes) greatly decreased. This shows that these processes can effectively destroy the structure of recalcitrant organics in concentrated leachate, leading to a tendency for a simple constitution of the concentrated leachate. Overall, the results obtained in the UV-vis analysis are consistent with the COD and biodegradability.
3.6 3D EEM spectrum analysis of samples before and aer the different processes 3D EEM spectra were widely used to characterize the dissolved organic matter and to determine the uorescence index, humication degree, and molecular weight. [46] [47] [48] [49] To investigate the removal efficiencies of the humic substances in the different processes, 3D EEM spectra of the samples aer the different processes are compared and illustrated in Fig. 6 . In the spectrum, F1 (l Ex /l Em ¼ 310-360 nm/370-450 nm) represents substances resembling fulvic acid in the visible region, which are mainly relative stable, and macromolecular aromatic substances.
49,50 F2 (l Ex /l Em ¼ 235-255 nm/410-450 nm) represents the substances resembling fulvic acid in the ultraviolet region, which are mainly small-molecular-weight and highuorescence-intensity matter. [51] [52] [53] [54] The above results show that the concentrated leachate contained a large amount of recalcitrant organics. As shown in Fig. 6 , the uorescence peak values of raw concentrated leachate were 3467.86 (F1) and 2775.07 (F2), and each uorescence peak value was different. In the different processes, the uorescence peak values of substances resembling fulvic acid in the ultraviolet and visible regions decreased aer each process. In the conventional heat and MW process, the removal efficiencies at the uorescence peak values were low because of the absence of oxidants; however, a better result was observed in the MW process because of the non-thermal effect. In the PDS, heat/ PDS, and MW/PDS processes, the values of F1 and F2 decreased to 2780.67, 1709.99, and 312.15 (F1) and to 1735.87, 1012.92, and 164.78 (F2), respectively. These results reveal that MW can effectively activate PDS and enhance the oxidizing ability of the process. Comparison of the MW/H 2 O 2 and MW/PDS processes showed that the peak values of both F1 and F2 decreased signicantly and that the removal efficiencies were 52.03% and 63.48% (MW/H 2 O 2 ) and 91.09% and 94.17% (MW/PDS), respectively. These ndings suggest that these processes were capable of degrading substances resembling fulvic acid in both the ultraviolet and visible regions, and that the MW/PDS process was more effective in the degradation of organics than was the MW/H 2 O 2 process. Aer MW/PDS treatment, the uorescence peak of raw concentrated leachate shied from 239 nm and 454 nm and from 326 nm and 407 nm to 239 nm or 447 nm and 410 nm, respectively, indicating that the molecular weight and humication degree declined remarkably and that the constitution of organics tended to be relatively simple aer oxidation in the process.
55,56
Conclusions
In this study, MW-activated PDS process proved to be a promising method for the treatment of concentrated leachate. By investigating the effects of PDS dosage, pH change, and MW irradiation power, the COD removal efficiencies, UV 254 , and color number were found to be 45.50%, 48.95%, and 88.35%, respectively. The biodegradability was markedly enhanced to 0.23 at a PDS dosage of 3.5 g L À1 , an MW irradiation power of 450 W, and a reaction time of 16 min. The, MW/PDS process proved to be the most efficient process in enhancing the effluent quality among the different treatment processes. The UV-vis spectra suggest that the humication degree of concentrated leachate decreased and that the constitution of organics in the concentrated leachate tended to be simple. By analyzing 3D EEM spectra, we found that the concentration of substances resembling fulvic acid in concentrated leachate decreased substantially, that the humication degree declined, and that the recalcitrant macromolecular organics decomposed to relatively simple small-molecule organic substances.
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